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Supplementary Figures

Figure S1: SEM images of 46:54 mol % (A) and 71:29 mol % (B) Ni-Cu NPs. Representative
energy-dispersive X-ray (EDX) spectrum of Ni-Cu bimetallic nanoparticles on a 100 nm-thick Au
on Cr on glass substrate (C). The elements detected are Ni, Cu, Au, Cr, O, C, Si, Ca, and Na. The
Au, Cr, O, Si, Ca, and Na detected is from the substrate. C is a common impurity detected in EDS
measurements.
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Figure S2: Fluorescence spectra of Cu nanoclusters.
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Figure S3: The positive-mode MALDI-TOF MS of the as synthesized 100 mol % Cu nanoclusters.
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Figure S4: The positive-mode MALDI-TOF MS of the as synthesized 25:75 mol % Ni-Cu
nanoclusters.
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Figure S5: The positive-mode MALDI-TOF MS of the as synthesized 43:57 mol % Ni-Cu
nanoclusters.
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Figure S6: The positive-mode MALDI-TOF MS of the as synthesized 100 mol % Ni nanoclusters.
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Figure S7: Positive-mgzjlezMALDI-TOF mass spectrum of the 52:48 mol % Ni-Cu nanoclusters
after being immersed overnight in 1 M NaOH and washed with water.
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Figure S8: Cyclic voltammetry at a scan rate of 10 mV s of glassy carbon electrodes modified
with Ni nanoparticles (black line), 59:41 mol % Ni-Cu nanoparticles (red line), and 46:54 mol %
Ni-Cu nanoparticles (blue line) along with Vulcan XC-72 and PVDF.
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Figure S9: Linear sweep voltammograms of the oxygen evolution reaction in purified (2 ppb Fe,
black line) and unpurified (115 ppb Fe, red line) 1 M NaOH using a glassy carbon electrode
modified with a mixture of 52:48 mol % Ni-Cu nanoclusters, Vulcan XC-72, and PVDF at a scan
rate of 10 mV s,
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Figure S10: Linear sweep voltammograms of the oxygen evolution reaction in 1 M NaOH at a
scan rate of 2 mV s (black line) and 10 mV s (red line) on glassy carbon electrodes modified
with 52:48 mol % Ni-Cu nanoclusters, Vulcan XC-72, and PVDF.
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Figure S11: Linear sweep voltammograms of the oxygen evolution reaction in 1 M NaOH on
glassy carbon working electrodes that have been modified with Cu nanoclusters (100 mol % Cu
NCs, blue line) and Cu nanoparticles (100 mol % Cu NPs, red line). A control with the electrode
modified with only Vulcan XC-72 and PVDF is also shown (black line).
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Figure S12: Tafel slopes calculated from linear sweep voltammograms of the oxygen evolution
reaction in 1 M NaOH on glassy carbon working electrodes that have been modified with

nanoclusters (NCs, black line) and nanoparticles (NPs, red line).
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Figure S13: Pb UPD experiments of nanoclusters (black) and nanoparticles (red) in an Ar-sparged
solution containing 100 mM HCIO4, 1 mM Pb(CIO4)2, and 20 mM KCI at a scan rate of 10 mV/s
(A). Calculated electrochemically active surface areas of the nanoclusters (black) and
nanoparticles (red) as a function of Cu composition in the catalysts (B).
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Figure S14: Linear sweep voltammograms at 10 mV s of the oxygen evolution reaction in 1 M
NaOH using a glassy carbon working electrode modified with a mixture of Ni-Cu bimetallic
nanoparticles (NPs, A) or nanoclusters (NCs, B), Vulcan XC-72, and PVDF. Ni-Cu bimetallic NPs
and NCs with various molar ratios were tested (colored lines) along with pure Ni NPs and NCs
(black lines). Current densities are reported against the electrochemically active surface areas
reported in Figure S9.
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Figure S15: Linear sweep voltammograms of multiple cycles of the oxygen evolution reaction in
1 M NaOH using 52:48 mol % Ni-Cu nanoclusters.
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Figure S16: SEM images of an electrode containing 52:48 mol % Ni-Cu nanoclusters on TiO>
nanoparticles on carbon paper (A, B). The EDX spectrum of the electrode (C) demonstrates the
presence of Ni and Cu from the core of the Ni-Cu nanoclusters, S from the glutathione ligand of
the nanoclusters, and Ti and O from the TiO2 nanoparticles.
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Figure S17: Positive-mode MALDI-TOF mass spectrum of the 52:48 mol % Ni-Cu nanoclusters
after OER catalysis at 10 mA cm™ for 1 hr.
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Assianment m/z Calculated 100% |[|25%0:75% ||43:57 ||52:48 ||100%
g Cu Ni:Cu Ni:Cu [Ni:Cu ||Ni
[Cuz2Ni>GS + Na]* or [Cug + H]* or  ||572.79 or 573.37 or 575.5
[CusNis + Na]* or [CusNiGS + Na]* {|575.37 or 577.79 (18%)
[CuNiw + Na]* or [CusNizGS + H]* |673.26 or 673.67 or 673.8
or [CusNis + H]* or [Cuz2Nis + Na]* ||674.25 or 676.26 (15%)

. 806.5
[CusGS; + H] 803.95 (18%)

Cu2NisGS + Na]* or [CugNis + H]*

E)r [éu;,\lis N Na]l or [E:qui és N 1" |l806.53 or 807.11 or 807.9
H* 809.11 or 809.52 (20%)

. N 809.7
[NisGS; + Na] 810.94 (78%)
[CusNig + Na]* or [CuzNiGS + H]* or ||809.11 or 809.52 or 811.0
[NisGS, + Na]* or [CusNisGS + Na]* |1810.94 or 811.52 or (320'/)
or [CuyoNis + H]* 812.1 0

. . 846.5
[NisGS; + H] 846.9 (77%)
[CusNio + H]* or [NisGS; + H]* or  ||845.06 or 846.9 or 847.6 ||847.6
[CusNisGS + H]* or [CusNig + H]*  {|849.47 or 850.05 (26%) ||(59%)

[NisGS; + H]* or [CusNisGS + H]* or ||846.9 or 849.47 or 849.3
[CusNis + H]* or [CuNisGS; + H]* 850.05 or 851.89 (11%)

. . 895.4
[NioGS + H] 892.42 (32%)

. . . . 896.6 ||897.9
[CusNiGS + Na]* or [CuNisGS + H]*||896.43 or 897.42 (16%) ||(329%)

. 899.5
[CusGS + Na] 901.43 (31%)

. . 916.3
[Ni1GS + Na] 914.41 (50%)

. . 927.9
[NisGS2 + Na] 926.81 (11%)
[CusNiso + NaJ* or [CuzNisGS +HI" o) o7 1 957 39 or
or [CuyoNis + H]* or [CusNi;GS +

. n . 929.97 or 929.39 or 929.9
Na]* or [CusGS; + H]* or [CusNig +

. . o 929.81 or 931.97 or (59%)
Na]* or [CugNi,GS + H]* or 932.38 or 931 81
[CuNisGS; + Na]* ' '

. . 1020.9
[Ni7GS; + H] 1022.7 (32%)
[CugNisGS + Na]* or [CusNiGS: + 1073.9
Na]* 1072.23 or 1074.65 (100%)

. 1077.0
[CusGS: + Na] 1079.65 (100%)

. + + 1078.5
[CugNisGS + Na]* or [Cu;GS; + Na]* ||1077.23 or 1079.65 (100%)
E?Eé'\l'ﬁﬁls gé\'f]Ng{[OCrufﬁfZGg Nal™ 1107723 or 1079.65 or 1079.9

1072 §o92 1082.22 or 1082.63 (100%)

H]*
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1082.5

[NisGS; + H] 1082.63 (100%)
[NisGS2 + H]* or [CusNiwGS + H]* or|[1082.63 or 1083.21 or 1085.5

[CuNizGS; + H]* or [Cu:NieGS + H]* |[1087.63 or 1088.21 (12%)

[CuNiZGS2 + H]" or [CusNisGS + 1089.0

H]" 1087.63 or 1088.21 (20%)

[CuNiZGS: + H]" or [CusNisGS +  ||1087.63 or 1088.21 or 1089.9

H]* or [CuzNisGS: + H]* 1092.62 (30%)

. R 1095.1
[NisGSs + H] 1095.04 (56%)
[CusNisGS; + H]* or [CuNizGSs + ||1097.62 or 1100.03 or 1099.1
H]* or [CusNi7GS + H]* or [CusNis +{/1098.2 or 1100.77 or (13%')

H]* or [CusNisGS: + H]* 1100.61

. . 1118.6
[NisGSs + Na 1117.02 (14%)
[Ni‘ii'\(')ﬁa*'\l'\i'gso: [Ni‘]“'\g';fcsj G, [1189.94 0r 1192.52 or 1192.8
+ Na* 9 #2°8111193.1 or 1194.93 (23%)
[CUNi4G53 + H]+ or [CU4NieGSz +
H]* or [CusNisGS + H]* or [NizGS, +|| 259 O 1218.48 or 12203

+ ! 0 1221.06 or 1220.48 or
Na]* or [CuzNisGSs + H]* or 12999 or 1221 64 (13%)
[CUloNilo + H]+ ’ '
[CuNiw0GS: + H]* or [CusNiGS; + 12648  |[1262.8 [[1263.7
Nal* 1263.43 or 1265.44 27%) as) |la0%)
- 1299.8
[CusGSs + H] 1300.81 (21%)
[CUNi5G53 + Na]* or [CU4Ni7GSz +
Na]* or [CusNisGS + Na]* or [CusGSs |[122/ 82 or 1300.39 or 1300.3
+ . + 1300.97 or 1300.81 or
+ H]* or [Cu2Ni.GS3 + Na]* or 1302.81 or 130139 (16%)
[CuoNiGS; + H]* ' '
[CuzNisGS + Na]" or [CusGSs + HI™ 1) 31 97 o 1300.81 or
or [CU2N|4GS3 + Na] or [CUgNIzGSz
A ! A 1302.81 or 1301.39 or 1303.7
+ H" or [CusNisGS; + Na] " or 1305.39 or 1305.97 or (12%)
[CUgNisGS + Na]* or [CuloNiGSZ + 1306.39 '
H]* :
[CusNiGSs + Na]* or [CusNisGS2 + 1319.6
Nal" 1317.8 or 1318.38 (10%)
[CuzNi1GS; + H]* or [CuwNiGS, + |[1326.36 or 1328.37 or 1327.7
Na]* or [NizGSs + H]* 1328.78 (13%)
[CusNisGS; + H]* or [CuNisGSs + 13333
H 1331.35 or 1333.77 12%)
[F%?Z'}"ESS;NJ;E]&O: [Fﬁ‘f%'\r“gGs ¥ 134134 or 1341.92 or 13438
0,
[CuoNicGSy + HI 1343.76 or 1346.34 (57%)
[Fﬁ‘fgo'}"Egi;i'jésgi[ﬁijf';'r'gGs T |1346.92 or 1341.92 or 13445
0,
[CusNisGSe + HI- 1343.76 or 1346.34 (42%)
l[_%“;'\:'[léisilrgg] +°|[|][+C(‘;fN'BGS " 1|1348.34 or 1346.92 or 1347.0
FNIsS3 1348.75 or 1346.34 (57%)

[CusNisGS2 + H]*
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[CusNisGS: + Na]* or [CusNiGSs + 1379.5

Na* 1378.31 or 1380.73 (16%)
[CusNiGSs + Na]* or [CugNisGS: + 1382.6
Na]* 1380.73 or 1383.3 (25%)
[CusNisGSs + H]* or [CusNizGS2 + |1403.69 or 1404.27 or 1405.5
H]* or [CusNisGS + H]* 1406.85 (16%)
[CU4Ni10GSz + Na]* or [CUeNi3G53 +

H]" or [CU;Ni7GSs + Na]" or igg'élogrl ‘114713'76190& 1478.7
[CusNisGS, + H" or [CUsNisGSz + 113 /51 19 or 1479.03 or (23%)
Na]* or [CusGSs + H]* or [CurNizGSs |[} o7 67 or 1481 03

+ H]* or [NisGS4 + Na]* ' '

[CusNi2GS4 + Na]* or [CusNisGSs +

NaJ* or [CusNisGS2 + Na]* or igggii g; iggggi g: 1558.7
[CusNiGSs + Na]* or [Cu7NisGSs + ' ' (20%)
Na]* 1561.52

[CuNisGSs + Na]* or [CusNisGSs +

H]* or [CusNisGSs + Na]* or iggijﬁ g; iggi'g;gr 1663.9
[CusNiGSs + H]* or [CuzNisGS4 + ' ' (22%)
Na]* 1666.82

[Ni‘]“'\;'rs[GCSJ L:\'éls o I[\%]‘Z'z'fG& * |11676.97 or 1679.39 o 1679.9
[CusoNi7 Gsz | 2Na]i 1681.81 or 1679.97 (24%)
[CuzNisGSs + H]* or [CusNisGSs + |1704.77 or 1705.35 or 1705.0
H]* or [CusNi10GSz + H]* 1707.93 (22%)
[CuioNI3G53 + H]* or [ClﬂleeGS4 + 1726.76 or 1725.33 or

Na]* or [CusNisGSs + H]* or 1727 34 or 1729.75 or 1727.9
[CusNisGSs + Na]* or [Cu7NiGSs + 1729'91 or 1730'33 (12%)
H]* or [CusNi1GS2 + Na]* ’ '

[Fﬁ‘f%'}“fgﬁ\; 'éas] frl\l[;:]i’%'\r“es“ * |[1792.26 or 1792.68 or 1794.2
[CusNio ng j Na‘i+ 1794.68 or 1792.84 (25%)
[Cu7Ni10GSs + NaJ* or [CusNisGSa + [|1973.06 or 1973.48 or 1974.8
H]* or [CusNizGS. + Na]* 1975.48 (10%)

Table S1: MALDI-TOF peak assignments for Cu, Ni, and Ni-Cu nanoclusters. Assignments in bold are peaks that
can only be ascribed to a bimetallic species. Assignments in blue are bimetallic species detected in the spectra of all
three bimetallic nanoclusters compositions. Normalized peak intensities are listed in parenthesis after each found m/z
value. Peaks were considered present if they possessed a normalized intensity of at least 10%. Peaks were assigned to

a species if the calculated m/z value for the isotopically most abundant peak matched within 3 amu.
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Onset Overpotential (mV)
Onset E _ . Ref-
Catalyst Electrolyte overpotential at specific current
(VRHE) _ erence
(VrHE — 1.23 V) density
Precious metal
Rueo-Co40 0.1 M HCIOq 1.41 0.18 - 4
Ruzo-Ir3o 0.1 M HCIOq 1.40 0.27 - 4
RuO- 0.1 M KOH 1.44 0.21 425 @ 20 mA/cm? 5
IrO; 1M KOH 151 0.28 340 @ 10 mA/cm? 6
Spinel family
CoFe>04 on GCE 0.1 M KOH 1.58 0.35 443 @ 10 mA/cm? 7
Mnz04 on GCE 1M KOH 1.68 0.45 >600 @ 3 mA/cm? 8
Co0304 0n Au 1M KOH 1.56 0.33 400 @ 10 mA/cm? 9
Mn2.1C00.904 1 M KOH 1.64 0.41 490 @ 3 mA/cm? 8
1M KOH
ZnCo204 on Pt 1.62 0.39 450 @ 20 mA/cm? 10
(pH 13.8)
NiC02S4 nanostructure 1 M KOH 1.50 0.27 260 @ 10 mA/cm? 24
FeCo oxide on Ni foam 1 M KOH 1.49 0.26 205 @ 10 mA/cm? 25
Layer-structure type family
0.1M
CoOOH on PtO/AuO _ 1.48 0.25 450 @ 5 mA/cm? 11
KOH/LiOH
3D Ni-Fe LDH on Ni foam 0.1 M KOH 1.46 0.23 280 @ 30 mA/cm? 12
] 0.1 M potassium
Co-Ni LDH on FTO 1.623 0.393 490 @ 1 mA/cm? 13
phosphate (pH 7)
0.1 M potassium
Co-Co LDH 1.638 0.408 610 @ 1 mA/cm? 13
phosphate (pH 7)
0.1 M KOH (pH
Zn-Co LDH on GCE 1.57 0.34 - 14
13)
Co-Fe LDH (1:0.35) on GCE 0.1 M KOH 1.52 0.29 350 @ 10 mA/cm? 15
Co-Cr LDH (2:1) on GCE 0.1 M KOH 1.47 0.24 340 @ 10 mA/cm? 5
Ni-Fe-Mn LDH on CFP 1 M KOH 1.43 0.20 289 @ 20 mA/cm? 16
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B—Ni(OH)2 nanoparticle film 0.1 M KOH 1.55 0.32 450 @ 30 mA/cm? 12
Co-Ni based
1M KOH 1.50 0.27 280 @ 10 mA/cm? 17
nanotubes/nanosheets on Cu
Exfoliated Ni-Fe nanosheets on
1 M KOH 1.49 0.26 300 @ 10 mA/cm? 6
GCE
Exfoliated Ni-Co nanosheets on
1 M KOH 1.52 0.29 385@ 10 mA/cm? 6
GCE
Exfoliated Co-Co nanosheets
1M KOH 1.53 0.30 390 @ 10 mA/cm? 6
on GCE
_ _ 256 @ 1 mA/cm?
Fe-Ni nanoparticles on GCE 1 M NaOH 1.40 0.17 18
311 @ 10 mA/cm?
Fe-Nis.34 0n FeNi foil 1 M KOH 1.49 0.26 283 @ 10 mA/cm? 26
NiCu-MOF nanosheet on Ni
1 M KOH 1.35 0.12 309 @ 10 mA/cm? 27
foam
3D Cu-Ni oxide on Ni foam 1 M NaOH 1.42 0.19 319 @ 10 mA/cm? 28
Ir-Ni oxide thin film 0.1 M HCIOq4 1.49 0.26 - 29
Ni-Ir thin film 0.1 M KOH 1.48 0.25 - 30
NiO-Fe on Ni foam 1M KOH 1.46 0.23 240 @ 10 mA/cm? 31
2D Ir-Ni oxide nanoframes 0.1 M HCIOq4 1.50 0.27 - 32
NiCo02.7(OH)x 2
Amorphous double hydroxide 1M KOH 1.48 0.25 350 @ 10 mA/cm 33
3D FeCoW 1M KOH 1.42 0.19 191 @ 10 mA/cm? 34
CNTs or carbon fiber supported
NiFe-LDH/CNT 1M KOH 1.45 0.22 149 @ 10 mA/cm? 19
M-CNTs-Arc 1M KOH 1.48 0.25 152 @ 10 mA/cm? 20
NiFeO4/CFP 1M KOH 1.43 0.20 146 @ 10 mA/cm? 21
20%Ir/C 1M KOH 1.50 0.27 152 @ 10 mA/cm? 22
FeNi on N-doped CNT 0.1 M KOH 1.59 0.36 810 @ 10 mA/cm? 35
CosMosC2 on N-doped reduced 1M KOH 1.46 0.23 260 @ 10 mA/cm? 36
graphene oxide film
Other
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Fe nanoparticles 1 M NaOH 1.56 0.33 421 @ 1 mA/cm? 18
Ni nanoparticles 1 M NaOH 1.34 0.11 476 @ 1 mA/cm? 18

Ni-FeOx/C (69:31) nanoparticle
on carbon black 1 M KOH 1.41 0.18 280 @ 10 mA/cm? 23
Ir/C catalyst 0.1 M KOH 1.50 0.27 390 @ 30 mA/cm? 12
NiFe phosphide nanoparticles 1M KOH 1.51 0.28 270 @ 10 mA/cm? 37
NiCuOx nanoparticles 1 M Na2CO3 1.55 0.32 680 @ 5 mA/cm? 38
Ni-Cu nanoparticles in MOF 1 M KOH 1.68 0.45 640 @ 6 mA/cm? 39
Ni@Pt core-shell nanoplates 1M KOH 1.51 0.28 330 @ 10 mA/cm? 40
CoNiPO 1 M KOH 1.49 0.26 320 @ 10 mA/cm? 41

Ni-Co oxide hollow
0.1 M KOH 1.50 0.27 362 @ 10 mA/cm? 42
nanosponges

Nio.6C01.4P nanocages 1 M KOH 1.52 0.29 300 @ 10 mA/cm? 43
Nanoporous (Co1-xFex)2P 1 M KOH 1.49 0.26 64 @ 10 mA/cm? 44
Nanoporous CosNi:P 1M KOH 1.48 0.25 281 @ 10 mA/cm? 45

Table S2: Summary of performance of various OER electrocatalysts reported in the literature
arranged by catalyst family.
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